Since the dental implant/abutment interface cannot totally seal the passage of microorganisms, the interior of implant becomes a reservoir of pathogenic microorganisms that produce and maintain chronic inflammation in the tissues around implants. Silver nanoparticles (nano-Ag) are potent and broad-spectrum antimicrobial agents. The aim of this study was to evaluate the capacity of the nano-Ag to prevent the contamination of the implant internal surface by Candida albicans, caused by the implant/abutment microgap infiltration. Thirty-six implants were used in this experiment. Three study groups were performed: experimental group (implants receiving an application of nanoAg in their inner cavity before installation of the abutment); positive-control group (implants receiving sterile phosphate buffer saline application instead of nano-Ag) and negative-control group (implants receiving the application of nano-Ag in the inner cavity and immersed in a sterile medium). In the positive-control and experimental groups, the implants were immersed in a Candida albicans suspension. The abutments of all three groups were screwed with a 10 N torque. After 72 h of immersion in C. albicans suspension or sterile medium, the abutments were removed and the inner surface of the implants was sampled with absorbent paper cone for fungal detection. No C. albicans contamination was observed in the negative-control group. The positive-control group showed statistically higher values of colony forming units (CFUs) of C. albicans compared with the experimental group. In conclusion, silver nanoparticles reduced C. albicans colonization inside the implants, even with low torque screw abutment.
Introduction
Dental implant treatment is currently a predictable and affordable method of oral rehabilitation, in some cases they are preferred over the classical alternatives of treatment such as removable or fixed prosthesis. Longterm success of implant-based treatment depends on the control of mechanical and biologic factors (1) . Mechanical factors include the static and dynamic occlusal load on the prosthetic crowns and implants. In turn, biological factors also play a very important role in the short and long term success of a dental implant (2) . It is known that peri-implant infections can produce discomfort to the patient and also accelerate bone loss (3) .
There are many studies showing that the implant/ abutment interface cannot totally seal the passage of microorganisms, regardless of the implant/abutment connection type (internal, external or morse taper connections) (4, 5) . Even well adapted interfaces, with less than 5 µm microgap, were shown to be unable to prevent infiltration and the consequent bacterial colonization inside the implants (2) . Thus, the internal colonization of the implant surface by microorganisms is eventually inevitable. The interior of implant becomes a reservoir of pathogenic microorganisms, promoting and maintaining a chronic inflammation in tissues around the implants (6).
This condition causes bone loss and may lead to failure of the implant treatment (4) .
On average, modern implants show better clinical results than previous generations of implants (7) . One reason for this improvement is that several contemporary implant systems try to prevent microbial contamination at the implant/abutment interface. The design of morse taper connection implants suggests that they provide a total seal (8) , but literature shows that this system is not able to prevent the passage of fluids and microorganisms (4) . Also, the external hexagonal design is prone to microbial invasion in comparison with other implant connections (9) . Platform-switched implants appeared with the concept of increasing distance to implant/abutment interface from the bone surface, and thereby decrease bone resorption produced by the presence of microorganisms in the implant/ abutment microgap. Platform-switched implants have been shown to be effective in reducing bone loss caused by microbial factors (10), but not all implant systems have platform-switched abutments.
There is a concept that the implants behave as teeth and, therefore, can potentially suffer from the same diseases (3). The main difference lies in the term itself, periodontitis is reserved for teeth, whereas peri-implantitis is specific to implants (3). The specific plaque hypothesis established the role of some microorganisms such as Aggregatibacter actinomycetemcomitans, Porphyromonas gingivalis, Tannerella forsythensis, Treponema denticola, Prevotella intermedia and Fusobacterium nucleatum in different forms of periodontal diseases. It has been recently suggested that these suspected periodontal pathogens seem to act not alone and the interactions between species, especially the balance between pathogenic and beneficial species, affect both progression of disease and response of tissues to periodontal therapy (11) . It has been established that the plaque formation starts with the deposition of a salivary pellicle on the tooth surface. Planktonic cells or aggregates of cells adhere to this pellicle via specialized adhesins on the bacterial cell surface that recognize pellicle proteins, and/or by the mechanisms of non-specific physicochemical interactions (12) . This process results in a scattered pattern of bacterial deposits with the presence of initial colonizers (13) . The initial colonizers facilitate the formation of bacterial biofilms and Candida sp are an example of initial colonizers (13) . The biofilms formed on the implant surface have several common characteristics with dental biofilms, including the sequence of microbial colonization (14) .
Different ways of preventing the passage of microorganisms through the implant/abutment interface have been investigated, such as varnish containing 1% chlorhexidine (5, 15) and silicone sealants (5). The latter was unable to prevent bacterial infiltration and there is no consensus on the capacity of varnish-containing chlorhexidine in sealing the passage of microorganisms through the microgap (5) .
Considering the reasons of bone loss around implants and the options of implants currently available, an effective and affordable alternative has to be developed to prevent or reduce microorganism colonization inside the implants, reducing the peri-implant bone loss regardless of the implant system connection, and therefore increasing the prognosis of implant treatment.
In the past few years, nanotechnology emerged as a new technology to fight and prevent disease using atomic scale materials. Among the most promising nanomaterials with antibacterial properties are the metallic nanoparticles such as silver nanoparticles (nano-Ag). Current knowledge of the antimicrobial property of silver, involving the biochemical and molecular basis, has been documented since 1998 (16) . The emergence of nanotechnology and electronics, and confocal microscopes able to display dimensions from 0.1 to 100 nanometers (nm), has enabled the study of materials on a nanometric scale. Nanometric materials have proven to have different properties, characteristics and behaviors from those presented on macro or micrometer scales. When silver is displayed in nanometric format (<10 nm), interesting characteristics show up, such as larger total surface area, which significantly enhances its antimicrobial activities (17) .
The silver nanoparticles are potent and broad-spectrum antimicrobial agents. They are used in food preservation and are scientifically recommended for the treatment of a number of diseases in various fields of medicine (16) . Furthermore, the use of nano-Ag is considered to be safe and can be easily manufactured with low production costs (16) . Nano-Ag can be produced by laser ablation or by chemical methods (18) . These particles have shown high antimicrobial and bactericidal activity against Gram-positive and Gram-negative bacteria, including highly multiresistant strains such as methicillin-resistant Staphylococcus aureus (19) . They also possess antifungal properties (16) .
Candida albicans is the most common yeast found in the oral cavity and it is known for its ability to colonize medical devices. It has been shown that C. albicans is able to adhere to various types of implant surfaces and to colonize the interior surface of implants through the implant/abutment microgap (20) . Candida spp is an initial colonizer, and plays a role in the formation of bacterial biofilms (13) . Thus, the reduction or inhibition of C. albicans colonization on the surface of implants will reduce the formation of bacterial biofilms and consequently prevent bone loss caused by microbiologic factor.
The aim of this study was to evaluate the capacity of silver nanoparticles in preventing contamination on the internal surface of implants with external hexagonal connection by Candida albicans, caused by the implant/ abutment microgap infiltration.
Material and Methods

Candida albicans Strain and Culture Conditions
Candida albicans strain SC5314 was used in this study and stored in tubes containing Sabouraud dextrose agar (SDA) (Difco, Detroit, MI, USA) and glycerol at -20 °C until use. Strain SC5314 is a virulent human clinical isolate with a sequenced genome. To prepare the Candida albicans suspension, the yeast cells were cultured in Sabouraud dextrose broth (SDB) (Difco) for 24 h at 25 °C in a shaking water bath. The blastospores were transferred into fresh medium and cultured at 25 °C for further 18 h. Yeast cells were harvested by centrifugation (2,000 Xg for 10 min), washed twice in phosphate-buffered saline (PBS), and resuspended in SDB to yield a concentration of 1 x 10 7 blastospores per mL in PBS until use in a spectrophotometer.
In Vitro Model
All experiments were carried out by a single investigator in a sterile environment. Three groups were established: one experimental group, with implants that received application of nano-Ag suspension (KHEMIA, São Paulo, SP, Brazil) on their internal screw surface before the installation of the abutment; one positive control group, with implants that received the application of sterile PBS instead the nanoAg suspension on the internal screw surface. In these two groups, the implants/abutment units were immersed in the C. albicans suspension. The third group was the negative control group, with implants that received the application of nano-Ag suspension before the abutment installation and were immersed in sterile SDB. All groups were formed using external hexagon implants (Neodent®, Curitiba, PR, Brazil) and abutments for temporary crowns (Neodent). All abutments and screws were sterilized before use and all the materials were handled in a flow chamber to avoid external contamination.
In the experimental group, 10 µL of nano-Ag suspension (320 parts per million -ppm) was applied to the implants' inner cavity, where the threads for fixing the abutment screw are located. This volume was enough to fill the entire inner cavity of each implant. Abutments were seated carefully on the implant bodies and screwed with 10 N torque. The implants-abutment units were then immersed individually into sterile 1.5 mL eppendorfs containing 1 mL of C. albicans suspension (1 x 10 7 CFU/mL). This volume was enough to cover the implant/abutment interface (20) .
In the positive-control group, 10 µL of sterile PBS were introduced in the implants' inner cavity, instead of the nano-Ag suspension. The implant-abutment units were immersed in the C. albicans suspension as in the experimental group. In the negative control group, 10 µL of nano-Ag suspension were introduced in the implant inner cavity before abutment installation. The implant-abutment units were then immersed into sterile 1.5 mL eppendorfs containing 1 mL of sterile SDB.
All groups were incubated at 37 °C for 72 h. After the incubation, all implant/abutment units were removed from the eppendorf tubes (with Candida suspension or sterile medium) and dried with sterile paper towels. The outer surface of the implant-abutment units was disinfected with 70% alcohol and air dried (15) . The abutments were carefully removed from the implants and the surface of the implants inner cavity was sampled with sterile absorbent paper cone to detect fungal contamination (5). These paper cones were placed in Eppendorf tubes containing 1.0 mL of sterile PBS and homogenized in a vortex mixer. Ten serial dilutions were plated (25 µL) in triplicate on the surface of agar plates (Sabouraud dextrose agar with chloramphenicol) (Difco), incubated at 32 °C and examined daily for two days. The number of grown Candida albicans CFUs mL -1 was calculated.
Statistical Analysis
Data are expressed as mean ± standard deviation (SD) from at least two independent experiments. One-way ANOVA and Tukey's multiple-comparison test was used for statistical analysis. Statistical significance was set at p<0.05.
Results
In this experiment a total of 36 implants (12 implants for each group) were used to study the effect of silver nanoparticles on the C. albicans colonization inside implants with external hexagonal connection. Four implants (two from experimental group and two from positivecontrol group) were excluded from the microbiological analysis as their internal cavities became contaminated with the C. albicans suspension while the abutments were being removed. Thus, a total of 10 implants remained for analysis in both experimental and positive-control groups. The negative-control group was performed to show that the implants and abutments did not have prior C. albicans contamination. No growth of C. albicans colonies was observed in the negative control group. In the other two groups (experimental and positive control groups) was observed the presence of C. albicans CFUs on the surface of SDA plates after 48 h incubation. The results of this study are presented in Figure 1 , which illustrates the experimental data. The number of CFUs in the experimental group was statistically lower compared to the results in the positive control group (p<0.05). The statistically significant decrease Figure 1 . Comparative analysis of isolated C. albicans from the inner surface of external hexagon implants after being the implant/abutment unit immersed into C. albicans suspension or sterile medium for 72 h. Experimental group received pretreatment with a 320 parts per million nano-Ag solution. The positive-control group was pretreated with PBS instead of nano-Ag. Statistics performed using one-way ANOVA followed by Tukey's multiple-comparison test. Data are presented as mean ± SD. * Differences were considered significant when (p<0.05).
of C. albicans colonization in the experimental group indicates that the silver nanoparticles were effective for inhibiting C. albicans growth inside the implants after 72 h in contact with a C. albicans suspension.
Discussion
The presence of microorganisms inside implants can be a reservoir of peri-implant pathogens that may contact bone around the implant via the implant-abutment interface (6) . This exposure of pathogens results in different types of inflammatory reactions in peri-implant soft tissues, and can ultimately lead to bone loss and implant failure (21) .
The presence of microorganisms in the implant/ abutment microgap may not cause significant bone loss that would greatly compromise the rehabilitation in a short term (7). However, it will be significant in an aesthetic location, as even minimal bone loss will affect the quantity and quality of bone surrounding implants and consequently, compromise the shape and contour of the overlying soft tissues (22) .
This study attempts bringing evidence that silver nanoparticles can be an effective and convenient alternative in reducing the microorganism contamination at the implant/abutment interface, regardless of the design of the implant/abutment connection. The results showed that the silver nanoparticles suspension with a concentration of 320 ppm was effective for reducing the number of viable C. albicans cells inside the implants with external hexagonal connection after being placed in an environment contaminated with C. albicans for 72 h.
A previous study has shown that C. glabrata and C. albicans were able to flow into the inner cavity of implants through the implant/abutment interface and establish a mixed biofilm of fungi and bacteria (20) . Thus, Candida spp may be associated with bacterial biofilm in the pathogenesis of peri-implantitis.
The abutment screw torque used in this experiment was lower than the one suggested by the manufacturer's protocol. The reason for the reduced torque was to facilitate the penetration of C. albicans through the implant/ abutment microgap, since pilot studies showed that little or no amount of fungus could penetrate inside the implants when the manufacturer's recommended abutment torque (32 N) was used. This happened possibly due to the size of yeast-like cells or blastoconidia, 2.0-4.0 x 3.0-5.5 µm in size (23) and the short exposure time to a C. albicans suspension.
The torque values suggested by the manufacturer are important to achieve the best coupling effect in relation to the system geometry (20) . However, clinically adhering to the manufacturer's recommended abutment torque, the masticatory loads on the prosthetic crowns create microgaps in the implant/abutment interface that allows both bacterial and yeast penetration into the implants. In this study, the application of nano-Ag inside the implants reduced the quantity of viable fungal cells detectable on the internal surface of the implants. This result supports the hypothesis that nano-Ag can be used to reduce the formation of C. albicans reservoirs and consequently reduce the bacterial colonization inside the implants, since C. albicans is an initial colonizer associated with the formation of bacterial biofilms inside implants (13, 20) .
Some possible mechanisms of action may be involved in the antimicrobial activity of silver nanoparticles. Nano-Ag can be interacting with components of the cell membrane of microorganisms, causing structural damage, forcing the dissipation of protons and promoting cell death (24) . Nano-Ag has illustrated the ability to collapse the plasma membrane potential, causing a depletion of the levels of intracellular ATP (24) . Silver ions (Ag+), released from the silver nanoparticles, can diffuse phosphorus of the DNA molecules resulting in the inactivation of replication and these ions can also react with sulfur-containing proteins, leading to the inhibition of enzyme function (25) . Silver is also known to inhibit a number of oxidative enzymes such as yeast alcohol dehydrogenase, affecting the Candida cell survival (25) .
The effective concentrations of silver nanoparticles and Ag+ ions are at nanomolar (nm) and micromolar (µm) levels, respectively. Nano-Ag appears to be significantly more efficient than Ag+ ions in mediating their antimicrobial activities (24) . The concept of nanotechnologies is based on size-dependent properties of particles in the 1-100 nm range. However, the smaller silver particle size has more efficient cell-particle contact resulting in higher intracellular bioavailability, and consequently more toxicity (17) . It suggests that there is a size-dependent biologic effect in silver nanoparticles.
It must be pointed out that the present in vitro test showed reduced contamination of C. albicans in the presence of silver nanoparticles, even though the implant/ abutment units were not under any occlusal load. Higher fungal contamination would be expected if the implants were under masticatory forces. Thus, mechanical cycling test must be performed to test the efficiency of silver nanoparticles in reducing or avoiding the contamination of the implant inner cavity by microorganisms when the implants are under occlusal loads.
Within the limits of this study, it can be concluded that the application of silver nanoparticles in the inner cavity of implants with external hexagonal connections reduces the colonization of C. albicans on its internal surfaces, even when the abutment is screwed with a low torque. The use of silver nanoparticles can be an effective supplemental therapy to reduce bone loss around implants caused by microbiological factors. The results and the methodology of the present study create base of knowledge for further studies testing silver nanoparticles against different bacteria associated with peri-implantitis. More in vitro and in vivo studies are required to prove that silver nanoparticles can produce beneficial results in implant treatment.
Resumo
A interface implante/pilar não pode ser totalmente selada para passagem de microrganismos, com isso o interior do implante torna-se um reservatório de microrganismos patogênicos que promovem e mantêm a inflamação crônica nos tecidos em volta dos implantes. Nanopartículas de prata são agentes antimicrobianos potentes e de amplo espectro. O objetivo deste estudo foi avaliar a capacidade das nanopartículas de prata em evitar a contaminação por Candida albicans do interior de implantes, originada da infiltração do fungo através da interface implante/pilar. 36 implantes foram utilizados neste experimento. Três grupos de estudo foram estabelecidos: grupo experimental (os implantes receberam aplicação de nanopartículas de prata na sua cavidade interna, antes da instalação do pilar); grupo controle positivo (os implantes receberam PBS estéril em vez das nanopartículas de prata) e grupo controle negativo (implantes receberam aplicação de nanopartículas de prata na cavidade interna, mas os implantes foram imersos em meio estéril). Nos grupos controle positivo e experimental, os implantes foram imersos em suspensão de Candida albicans. Os pilares protéticos de todos os grupos foram parafusados com torque de 10 N. Após 72 h imersos na suspensão de C. albicans ou em meio estéril, os pilares foram removidos e amostras da superfície interna dos implantes foram coletadas com cone de papel absorvente para a detecção de Candida. No grupo controle negativo não foi observada contaminação por C. albicans. O grupo-controle positivo mostrou valores de unidades formadoras de colônia de Candida estatisticamente maiores quando comparado com o grupo experimental. Conclui-se que nanopartículas de prata reduzem a colonização de C. albicans dentro dos implantes, mesmo quando o pilar é parafusado com torque baixo.
